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FIXED-BASE-SIMULATOR S!J3-lDY OF ABILITY OF PILOTS 

TO PERFORM SOFT LUNAR WU\TDINGS BY USING 

A S I M P L I F I m  GUIDANCE TECHNIQUE 

By G. Kimball Miller, Jr., and Herman S. Fletcher 
Langley Research Center 

SUMMARY 

A six-degree-of-freedom fixed-base-simulator study has been conducted of 
the a b i l i t y  of p i lo t s  t o  perform sof t  lunar landings by using a simplified 
guidance technique t o  deorbit from a synchronous t ransfer  orb i t  and t o  place 
the  landing vehicle i n  a position from which a ve r t i ca l  descent t o  touchdown i n  
a specified area can be accomplished. 
along the longitudinal axis and of a t t i t ude  through an acceleration command 
system. N o  automatic damping or  control was assumed. The general pi lot ing 
procedure consisted of maintaining a constant thrust  angle with respect t o  the  
orbit ing command module u n t i l  nearly zero velocity w a s  a t ta ined a t  an a l t i t ude  
of approximately 5000 f t  (1524 m ) .  
lunar surface. 
b i t ing  procedure w a s  specified; subsequently, several off-nominal t r a j ec to r i e s  
were flown. 

The p i l o t  had control of vehicle th rus t  

A ve r t i ca l  descent w a s  then made t o  the 
In i t i a l ly ,  a nominal t ra jec tory  was flown f o r  which the  deor- 

The resu l t s  of the  investigation indicated tha t  the  p i l o t ' s  use of the 
simplified guidance technique with rather crude thrust-angle measurements 
resulted i n  placing the vehicle i n  a position from which so f t  landings i n  the 
desired lunar area could consistently be made. The character is t ic  velocity 
required f o r  piloted landings w a s  within about 10 percent of t ha t  required fo r  
a perfectly flown nominal t ra jectory.  

INTRODUCTION 

Simplified guidance techniques f o r  manually controlling various phases of 
a lunar mission are  currently of i n t e re s t .  These manual procedures can sqrve 
as backup guidance modes or, i f  suff ic ient ly  precise, might be considered as 
primary control modes. Such procedures should require a minimum of equipment. 

In  the analyt ical  study of reference 1 the orbit ing command module w a s  
used as  a reference f o r  thrust-vector orientation i n  performing the landing 
phase of a lunar mission. 
between the thrus t  vector and the l i n e  of sight t o  the orbit ing command module 

The study indicated tha t  maintaining a constant angle 



resulted i n  placing the landing vehicle about 5000 f t  (1324 m) above the 
desired landing s i t e  with nearly zero velocity. 
descent t o  the lunar surface can be made (ref.  2) .  

From t h i s  point a ver t ica l  

The present investigation was performed t o  determine the a b i l i t y  of p i lo t s  
t o  use the simplified guidance technique of reference 1 t o  deorbit from a syn- 
chronous t ransfer  orb i t  and t o  place the landing vehicle i n  such a posit ion 
t h a t  a subsequent descent t o  the lunar surface can be accomplished at  a given 
downrange position. 
f l a r e  maneuver during which visual  cues would be obtained by sighting on the 
lunar te r ra in .  Since proper visual cues f o r  the  f l a r e  maneuver could not be 
generated with the available simulator, the terminal phase consisted of a ver- 
t i c a l  descent t o  the lunar surface by use of posit ion and velocity information 
from instrument readings. The present fixed-base-simulator study permitted s ix  
degrees of freedom of the vehicle, and the  equations of motion were solved by 
using a combination of a d i g i t a l  d i f f e ren t i a l  analyzer and an analog computer 
operating i n  r e a l  time. 
in to  the force and moment equations. The simulated f l i g h t s  were in i t i a t ed  a t  
the  pericynthion (al t i tude,  50 000 f t  or 15.24 km) of a synchronous t ransfer  
orb i t  from the  486 000-foot (approximately 80 n. m i .  o r  148.1328 km) a l t i tude  
circular  orb i t  of the  command module. 

In actual  practice the terminal phase probably would be a 

The p i lo t  closed the  control loop and had d i rec t  input 

SYMBOLS 

Measurements f o r  t h i s  investigation were taken i n  the  U.S. Customary Units 
but are  a lso given parenthetically i n  the International System of U n i t s  (S I ) .  
(See re f .  3.) 

rocket thrust  along body z-axis, posit ive i n  -z-direction, l b  ( N )  

acceleration at surface of earth due t o  gravi ta t ional  a t t ract ion,  
32.2 f t /sec2 (9.814 m/sec2) 

acceleration at lunar surface due t o  gravi ta t ional  attraction, 
5.32 ft /sec2 (1.6215 m/sec2) 

a l t i t ude  above lunar surface, f t  

specif ic  impulse, 303 sec 

moments of i n e r t i a  about body X-, Y-, and Z-axes, respectively, 

( m )  

IX = ~ y ,  slug-ft2 (kg-m2> 

control moments exerted about body X-, Y-, and Z-axes, respectively, 
f t - l b  (m-N) 

vehicle m a s s ,  slugs (kg) 
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. m time r a t e  of f u e l  consumption, slugs/sec (kg/sec) 

P J e r  angular veloci t ies  about body X-, Y-, and Z-axes, respectively, 
radians/sec 

R rad ia l  distance from center of moon, f t  ( m )  

ma range-to-go t o  nominal landing site, f t  ( m )  (see f i g .  6) 

Rm lunar radius, 5.702 x lo6 f t  (1.7379 x lo6 m) 

fi vehicle rad ia l  velocity component, f t / sec  (m/sec) 

RiS vehicle circumferential velocity component, f t / sec  (,/see) 

t time, sec 

AV character is t ic  velocity, geIsp log, mo m, f t / s ec  (m/sec) 

WO earth weight of vehicle i n  orbi t ,  moge, l b  ( N )  

x,y, z vehicle body axes with origin located a t  vehicle instantaneous center 
of gravity and with Z-axis alined with vehicle axis  of symmetry 

xi,yi,zi i n e r t i a l  reference axes with or igin located a t  center of moon 
(see f i g .  1) 

xY YJ distances d o n g  xi-, yi-, and zi-axes, respectively, f t  ( m )  

x ' ,y ' ,z '  reference axes pa ra l l e l  t o  i n e r t i a l  axes with origin located a t  
vehicle center of gravity 

Az vehicle l a t e r a l  displacement with respect t o  i n i t i a l  o rb i t  plane, 
ft  ( m )  

U angular orientation of vehicle i n  pitch, defined as  approximate angle 
between l o c a l  horizontal and vehicle Z-axis, radians or deg (see 
f i g .  6) 

B angle between thrus t  vector and l i n e  of s ight  t o  orbit ing command 
module, posit ive below comand module, deg (see f i g .  6) 

6F rocket t h r o t t l e  control displacement, radians or deg 

6X,6y,6z 

4f,%tJ 

control displacements which produce control moments about X-, Y-, 
and Z-axes, respectively, radians or deg 

Euler angles of rotation, radians or deg (see f ig .  1) 
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- 
4f angular orientation of vehicle referred t o  as  yaw and defined a s  

angle between vehicle XZ-plane and t ra jec tory  plane, radians o r  deg 

ij angular t r ave l  over lunar surface, radians 

@ bank angle, radians or  deg 

Sub s c r i p t  : 

0 i n i t i a l  conditions 

A dot over a symbol indicates different ia t ion with respect t o  time. 

EQUATIONS O F  MOTION 

The equations of motion used i n  t h i s  study permitted a l l  s ix  rigid-body 
degrees of freedom of the  vehicle. 
respect t o  an  iner t ia l -ax is  system and the  three moment equations were writ ten 
with respect t o  the body axes. (See appendix.) The iner t ia l -axis  system w a s  
a fixed-axis system with i t s  origin at the center of the  moon ( f ig .  l), which 
was assumed t o  be a nonrotating homogeneous sphere. 
t r o l  loop and had d i rec t  input in to  the force and moment equations. Vehicle 
m a s s  and moments of i ne r t i a  were varied as thrus t  w a s  applied t o  account f o r  
mass reduction during thrusting. Mass changes due t o  moment control were neg- 
lected because they were small i n  comparison with the mass change due t o  thrust  
application. 

The three force equations were writ ten with 

The p i lo t  closed the  con- 

VEEICLE DESCRIPTION 

The landing vehicle assumed f o r  t h i s  study was a relat ively squat body of 
The vehicle had a single fixed engine which provided thrust  along revolution. 

the  axis  of symmetry with a maximum capabili ty of accelerating the vehicle in i -  
t i a l  weight a t  
full th rus t  t o  zero thrus t  and w a s  assumed t o  be restar table .  

0.485ge (F/Wo = 0.485). Thrust w a s  assumed throt t leable  from 

Moment control about the three vehicle axes w a s  assumed t o  be produced by 
reaction j e t s  operating i n  pairs  t o  produce pure couples. 
the  vehicle moments of i n e r t i a  with vehicle mass assumed f o r  the vehicle under 
consideration a re  shown i n  figure 2. 

The variations of 

Cockpit and Controls 

A photograph of the cockpit used i n  the study i s  presented i n  figure 3, 
which shows the re la t ive  positions of the p i l o t ' s  chair, th ro t t le ,  controls, 
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and displays. 
the  l e f t  of the p i l o t ' s  chair. 
ment. Attitude control w a s  provided through an acceleration command system by 
using the three-axis hand controller located t o  the  p i l o t ' s  r ight .  
inputs commanded by the  p i l o t  f o r  a t t i t ude  control resulted i n  control torques 
which were proportional t o  control deflection except fo r  a s m a l l  dead band 
around zero deflection ( f ig .  4 ) .  

Vehicle th rus t  w a s  commanded by using the t h r o t t l e  located t o  
Thrust varied l inear ly  with control displace- 

Control 

Information Display 

The cockpit shown i n  figure 3 i s  a general-purpose apparatus, which w a s  
used i n  other studies and therefore includes instrumentation not used i n  the 
present investigation. 
study i s  shown i n  figure 5. 
play i n  which three stars and the command module are represented by dots, and 
the  lunar horizon i s  depicted by a s t ra ight  l ine .  
observed through a periscope looking along the  ax is  of symmetry i n  the direc- 
t i o n  of thrust  ( f ig .  6). 
a r e t i c l e  with markings 6' apart .  The use of t h i s  display made possible the 
estimation of vehicle a t t i t ude  i n  pi tch and yaw t o  within about lo. 

A sketch indicating the instrument display used i n  t h i s  
Above the  instrument panel i s  an oscilloscope dis- 

This view corresponds t o  tha t  

The assumed periscope had a f i e l d  of view of k30° and 

The oscilloscope display provided. the  necessary information fo r  thrust  
orientation during the deorbit phase of the landing. However, a three-axis 
gyro-horizon w a s  included f o r  use during the  ver t ica l  descent phase of the 
landing when the horizon i s  not v i s ib le  on the oscilloscope. I n  addition, an  
-vernier w a s  supplied i n  order t o  permit the p i lo t  t o  monitor pi tch a t t i tude  
very closely during the  ve r t i ca l  descent phase. This indicator w a s  scaled t o  
read from 850 t o  9 5 O  with a resolution of 0.2'. 

Digi ta l  readout meters presenting radial velocity 6, circumferential 
velocity R8, and a l t i t ude  h were included. The resolution of the meters w a s  
1 f t / s ec  (0.3048 m/sec) f o r  rad ia l  velocity, 10 f t / sec  (3.048 m/sec) f o r  circum- 
f e ren t i a l  velocity, and 10 ft (3.048 m )  f o r  a l t i tude .  Circumferential velocity 
must be l e s s  than 10 f t / sec  (3.048 m/sec) at  touchdown; thus an Rg-vernier w a s  
included which had a resolution of 1 f t / s ec  (0.3048 m/sec). In  addition, the 
alt imeter operated inaccurately below 1000 f t  (304.8 m);  so  t ha t  a second meter, 
which possessed a resolution of 10 f t  (3.048 m),  w a s  required t o  operate below 
1000 f t  (304.8 m ) .  
plane position, out-of-plane velocity, and range-to-go t o  the  nominal touchdown 
point with resolutions of 2500 f t  (762 m) ,  5 f t / sec  (1.524 m/sec), and 400 f t  
(121.92 m), respectively. Because of the unavailabil i ty of a completely visual  
simulation during the ve r t i ca l  descent t o  the lunar surface, the metered posi- 
t i o n  and velocity information w a s  used i n  the present investigation and these 
readings represent the  actual  values. 

Additional meters were included which presented out-of- 
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LUNAR LANDING TRAJECTORIES 

The nominal deorbit t ra jectory w a s  t he  constant-thrust and constant- 
thrust-angle approximation of the gravity-turn descent used i n  reference 1. 
The landing vehicle i s  assumed t o  be i n  a synchronous t ransfer  orb i t  from the 
80-nautica~mile-alt i tude circular  orb i t  of t he  command module. When the 
landing vehicle reaches the 50 000 f t  (15 240 m) pericynthion of the synchro- 
nous orbit ,  th rus t  i s  in i t i a t ed  at  a l eve l  which resu l t s  i n  a value f o r  F/Wo 
of 0.485. Thrust i s  maintained at  t h i s  l eve l  and i s  directed 23' (as deter- 
mined through an i t e r a t ion  process i n  ref .  1) below the  l i n e  of sight t o  the 
command module u n t i l  the  vehicle reaches approximately zero velocity at an 
a l t i t ude  of about 5000 f t  (1524 m ) .  
as might be required t o  descend ver t ica l ly  t o  a sof t  landing. 

The p i l o t  then varies thrust  and a t t i t ude  

Off-Nominal Trajectories 

The off-nominal t ra jec tor ies  were the resu l t  of varying the i n i t i a l  con- 
di t ions about the nominal values. 
(55.24 m/sec) i n  the i n i t i a l  velocity components and +lo 000 f t  (*3O I 8 m )  i n  
a l t i tude.  
diverge most from the nominal t ra jectory)  flown during the investigation: 

The assumed variations were $0 f t  sec 

The following table  l i s t s  the t ra jec tor ies  (including those which 

I Radial Circumferential 
velocity, 

f t / s ec  (m/sec) 
RE, 

Altitude, 
h, ft  ( m )  

Comments velocity, 

f t / sec  (,/see) 
fi, 

50 ooo (15 240) Nominal t ra jectory 

LOW i n  fi -50 (-13.24) 

17 
50 ooo (15 240) 

.~ ~~ 

50 000 (15 240) Low i n  R8 

5673 ( 1729 13 1 40 ooo (12 192) Low i n  h 

High i n  h 

Low i n  i, RG, and h 

High i n  i, R'e, and h 

60 ooo (18 288) 

40 ooo (12 192) 
-~ 

I -50 (-15.24) 

5723 ( 1744 37 1 60 ooo (18 288) 

All possible t ra jector ies  are  not included as a matter of expediency. 
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PILOTING PROCEDW 

The manual guidance technique employed i n  the present investigation i s  
designed t o  place the landing vehicle approximately 5000 f t  (1524 m)  above the 
desired landing s i t e  with nearly zero velocity. From t h i s  point the p i l o t  
should be able t o  perform a ve r t i ca l  descent t o  the lunar surface by using pr i -  
marily visual  information. 
metered information of vehicle posit ion and velocity w a s  included t o  permit the 
completion of the  landing maneuver. 

I n  the absence of a completely visual  simulation, 

The general procedure w a s  t o  observe vehicle velocity and al t i tude,  which 
might be obtained from onboard radar o r  from the command module, p r ior  t o  thrus t  
i n i t i a t i o n  t o  determine whether the landing vehicle w a s  on the nominaltrajec- 
tory.  
tude reaches 50 000 f t  (15 240 m )  and d i rec ts  thrust  23O below the  l i n e  of 
sight t o  the orbit ing command module. The p i lo t  maintains t h i s  th rus t  l eve l  and 
thrus t  angle ( p  = 23O) u n t i l  zero velocity is attained a t  an a l t i t ude  of about 
5000 f t  (1524 m),  a t  which time the p i l o t  adjusts vehicle a t t i t ude  and thrus t  
l eve l  t o  perform a ve r t i ca l  descent t o  the lunar surface. A sketch of the tra- 
jectory re la t ive  t o  the lunar surface i s  presented i n  figure 6. 

If nominal conditions prevail, the  p i lo t  i n i t i a t e s  th rus t  when the  a l t i -  

If off-nominal conditions exist ,  the  p i lo t  must modify the landing pro- 
cedure i n  order t o  perform soft  landings a t  the desired landing s i t e .  O f f -  
nominal values of i n i t i a l  circumferential velocity primarily a f fec t  landing 
range while i n i t i a l  a l t i t ude  and radial-velocity errors  primarily a f fec t  termi- 
na l  a l t i tude  ( r e f .  1). 
known, the off-nominal values of c i r cude ren t i a l  velocity can be accounted f o r  
by early or  l a t e  thrust  in i t ia t ion .  The e f fec ts  of off-nominal values of a l t i -  
tude and rad ia l  velocity can be accounted f o r  by applying thrus t  a t  a new thrust  
angle given by the following equation 

With the  i n i t i a l  acceleration due t o  thrus t  (0.485ge) 

0.43h0 + 225.0i0 
p = 2 1 . 0 5 ~  + 

1.1 x 104 

where p i s  expressed i n  degrees, ho i n  feet ,  and fi0 i n  f ee t  per second. 
(To express t h i s  equation i n  SI  un i t s  requires tha t  the constant 0.43 be changed 
t o  1 .41  with ho 
i n  meters per second.) This equation was obtained through the use of the resu l t s  
given i n  figures 12, 15, and 16 of reference 1 and a t o t a l  d i f f e ren t i a l  equation: 

i n  meters and the constant 225.0 be changed t o  738.2 with Bo 

p = P o + - -  * *  Ah,+-- 
% * o  

where 
of deorbit phase. I n  t h i s  case the p i l o t  maintains the indicated thrus t  angle 
u n t i l  the  circumferential velocity i s  reduced t o  nearly zero a t  an a l t i t ude  of 
approximately 5000 f t  (1524 m ) .  
by observing the  lunar t e r r a i n  or  by using a body-fixed integrating accelerom- 
e t e r  t o  determine when the desired velocity change has been applied. 

Ah0 = ho - ho,nominalr & = - R o Y n o m i n a l y  and hT = a l t i t ude  a t  end 

This point could be approximately determined 

The p i lo t ,  
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using only visual  information, should then be able t o  descend ver t ica l ly  t o  the  
desired landing s i t e .  

This technique f o r  flying the  off-nominal t r a j ec to r i e s  requires only the 
solution of the  p 
velocity t o  provide deorbit capability. The necessary information can be 
obtained by using onboard radar or, i f  the  onboard system fa i l s ,  by using the 
command-module radar system. In the l a t t e r  case, the  command-module radar could 
be used t o  determine the  velocity and a l t i t ude  of the  landing vehicle shortly 
a f t e r  it has transferred t o  the  e l l i p t i c a l  t ransfer  orb i t .  The command-module 
computer could then be used t o  predict the velocity components and a l t i tude  t o  
solve f o r  p and time of thrust  i n i t i a t ion .  

equation and a knowledge of t he  i n i t i a l  circumferential 

RESULTS AND DISCUSSION 

The resu l t s  of t h i s  investigation a re  divided in to  two sections; the  first 
dealing with f l i g h t s  of the  nominal t ra jec tory  and the  second, with f l i g h t s  of 
the off-nominal t ra jec tor ies .  

Nominal Trajectory 

The problem w a s  i n i t i a t e d  by applying thrus t  approximately at the 
50 000-foot-altitude (15 240-meter-altitude) pericynthion of the synchronous 
t ransfer  orb i t  with the vehicle thrust  axis  directed approximately 23' below 
the  l i n e  of s ight  t o  the orbit ing command module. Results of a typical  piloted 
nominal t ra jec tory  are presented i n  figure 7. The so l id  l i ne  i n  figure 7(a)  is  
the t race  of the reference t ra jectory (ref. 1) and the  dashed l i n e  i s  the  t race 
of the  piloted f l i g h t .  It can be seen tha t  the  pi loted t race  follows the nomi- 
na l  path very closely throughout most of the  f l i g h t .  
f l i g h t  ( f ig .  7 (b) )  shows tha t  the p i lo t  maintained a thrus t  angle of 23' u n t i l  
about 283 seconds a f t e r  thrust  in i t ia t ion ,  at which t i m e  the velocity compo- 
nents approached zero a t  an a l t i tude  of about 5000 f t  (1524 m) .  
reduced thrus t  and pitched the  vehicle t o  descend ver t ica l ly  t o  terminate i n  a 
so f t  landing. 

The time his tory of the  

The p i lo t  then 

A summary of touchdown conditions of nominal f l i g h t s  i s  presented i n  f ig-  
ure 8. 
components of l e s s  than 10 f t / s ec  (3.048 m/sec) and within a range of about 
6000 f t  (1828.8 m) of the nominal landing s i t e .  It should be noted tha t  no 
attempt w a s  made t o  decrease the range e r ror  during the  ve r t i ca l  descent phase 
of the  landing. 
velocity of approximately 6120 f t / s ec  (1865.376 m/sec). 
pi loted f l i g h t s  show character is t ic  veloci t ies  (an indication of f u e l  consump- 
t i on )  t ha t  a re  generally within about 300 f t / sec  (91.44 m/sec) (about 5 percent) 
of t ha t  required f o r  a perfectly flown nominal t ra jectory.  A study of the 
flight records indicated tha t  t h i s  variation i n  character is t ic  velocity i s  
closely associated with the a l t i t ude  a t  which the  constant thrust-angle deorbit 
phase brings the  velocity t o  zero. 

These resu l t s  show tha t  the p i lo t s  generally touched down with velocity 

A perfectly flown nominal t ra jec tory  requires a character is t ic  
The resu l t s  of the 

If the  a l t i t ude  3-t which the 
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constant-thrust-angle phase i s  terminated is  higher than the nominal value, the 
required character is t ic  velocity is, i n  general, greater. This increase occurs 
because the higher a l t i tudes  a t  i n i t i a t ion  of the  ve r t i ca l  descent phase require 
thrust  t o  be applied against the gravity vector f o r  longer periods of time. 
This condition is  comparable t o  hovering and i s  expensive i n  terms of f u e l  con- 
sumption. "he reverse s i tuat ion occurs when the constant-thrust-angle phase i s  
terminated a t  an a l t i t ude  lower than the  nominal. 

O f f  - N o m i n a l  Trajectories 

A t o t a l  of s ix  off-nominal combinations of i n i t i a l  conditions were con- 
sidered i n  the  investigation. Most of the f l i gh t s  were performed with the 
p i lo t s  using information given t o  them through the  solution of the equation f o r  
the  thrus t  angle p. The f l i g h t  his tory of a typ ica l  off-nominal t ra jec tory  i s  
presented i n  figure 9. The i n i t i a l  conditions fo r  t h i s  f l i g h t  were a rad ia l  
velocity of -50 f t / sec  (15.24 m/sec), a circumferential velocity of 5623 f t / sec  
(1713.89 m/sec), and an a l t i t ude  of 40 000 ft (12 192 m ) .  Thrust w a s  i n i t i a t e d  
approximately 3 seconds l a t e r  than would have been necessary fo r  a nominal tra- 
jectory i n  order t o  account f o r  the i n i t i a l  low value of circumferential veloc- 
i t y .  I n  addition, the p i l o t  pitched the vehicle so tha t  the thrus t  angle p 
w a s  approximately 2l.5O as computed from equation (1) f o r  the off-nominal in i -  
t i a l  conditions. The time his tory of the f l i g h t  ( f ig .  g (b) )  shows t h a t  the 
p i l o t  maintained the  computed thrust  angle u n t i l  about 280 seconds a f t e r  th rus t  
in i t ia t ion ,  a t  which time the circumferential velocity became zero at  an a l t i -  
tude of about 6000 f t  (1828.8 m) .  The p i l o t  then reduced thrus t  and pitched 
the  vehicle i n  order t o  descend ver t ica l ly  t o  terminate the f l i gh t  i n  a sof t  
landing . 

An a l te rna te  technique, i n  which approximate corrections fo r  the off- 
nominal i n i t i a l  conditions were applied, w a s  considered. 
w a s  assumed tha t  radial velocity could be monitored as  it would be with an 
onboard radar system. Off-nominal values of circumferential velocity were 
accounted f o r  i n  a manner s imi la r . to  the  previous technique by in i t i a t ing  thrus t  
e a r l i e r  or l a t e r  than required f o r  the nominal t ra jectory.  Thrust, however, w a s  
i n i t i a l l y  directed at  an angle which immediately brought off-nominal values of 
i n i t i a l  radial  veloc-lty t o  the nominal value. 
c le  t o  a thrust  angle 
every 10 000 f t  (3048 M) t ha t  the  i n i t i a l  a l t i t ude  exceeded the nominal value. 
Conversely, the  thrust  angle 
f o r  every 10 000 f t  (3&8 m )  t ha t  the  i n i t i a l  a l t i t ude  w a s  l e s s  than the nominal 
value. 
w a s  reduced t o  nearly zero at an a l t i t ude  of approximately 5000 f t  (1524 m) and 
then descended ver t ica l ly  t o  the  lunar surface. 
ference between the  touchdown conditions at ta ined by the  two methods. 

I n  t h i s  technique it 

The p i lo t  then pitched the vehi- 
p t ha t  exceeded the  nominal value by about O.5O f o r  

p w a s  less than the nominal th rus t  angle by O.5O 

!The p i l o t  maintained t h i s  th rus t  angle u n t i l  circumferential velocity 

There w a s  no discernible dif- 
(See 

f i g .  10.) 

Approximately 16 pi loted f l i g h t s  were performed f o r  each of the  s i x  com- 
binations of off-nominal i n i t i a l  conditions considered i n  t h i s  study. Since 
the  touchdown conditions at ta ined when p w a s  specified were essent ia l ly  the  
same as those at ta ined by using the a l te rna te  technique, the  resu l t s  obtained 
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by these techniques a re  combined i n  figure 11. 
down with velocity components af less than 10 f t / sec  (3.048 m/sec) and within 
about 6000 f t  (1828.8 m)  of the  nominal landing s i t e .  
i t y  required t o  f l y  the  off-nominal t ra jec tor ies  w a s  generally within about 
10 percent of t ha t  required f o r  a perfectly flown nominal trajectory.  

The p i l o t s  generally touched 

The characterist ic veloc- 

The arithmetic mean and the  standard deviation from the  mean f o r  touch- 
down conditions f o r  both the  nominal and off-nominal t ra jec tor ies  are  presented 
i n  the following table! 

Parameter 

a 
RG 
i 
ma 
& 
AV 

Arithmetic mean 

3.89 ft/sec (1.064 ,/see) 
0.84 f t / sec  0.256 m/sec) 
0.52 ft /sec t 0.158 ,/see) 
-274 ft (-83.515 m)  
377 f t  (114.910 m) 
6260 f t / sec  (1908.O48 m/sec) 

~~ 

Standard deviation 

3.76 f t /sec (1.146 m/sec) 
2.7'7 f t / sec  0.844 m/sec) 
5.10 f t i s e c  (1.554 m/sec) 
3676 f t  (1120.445 m) 
1456 f t  (443.789 m )  
210 f t / sec  (64.008 m/sec) 

. -  

~~ ~~ 

It should be noted tha t  the arithmetic mean pertains t o  the actual  value 
of the  parameter rather  than t o  the difference between the actual and nominal 
values of the parameter. 

CONCLUDING REMARKS 

A fixed-base-simulator study has been conducted of the  a b i l i t y  of p i lo t s  
t o  make sof t  lunar landings by using a simplified guidance technique t o  deorbit 
from a synchronous t ransfer  orbi t  and place the  landing vehicle i n  a position 
from which a nearly ve r t i ca l  descent t o  touchdown i n  a specified area can be 
accomplished. 
vehicle. N o  automatic damping or  control w a s  assumed f o r  the vehicle. The 
p i lo t  w a s  t o  maintain a constant angle between the  vehicle thrust  vector and 
the l i n e  of sight t o  the  orbit ing command module u n t i l  he attained nearly zero 
velocity a t  an a l t i t ude  of approximately 5000 f t  (1524 m ) .  
formed a ver t ica l  descent t o  the  lunar surface. 

The study included a l l  s i x  rigid-body degrees of freedom of the 

The p i lo t  then per- 

The resu l t s  of the investigation showed tha t  t he  p i l o t ' s  use of the s i m -  
p l i f i ed  guidance technique f o r  both nominal and off-nominal t ra jec tor ies  
resulted i n  placing the  landing vehicle i n  a position from which safe landings 
i n  a specified area of t he  moon could consistently be made. 
t i c  velocity required t o  perform the  landings under the  influence of several 
off-nominal i n i t i a l  conditions was generally within 10 percent of tha t  required 
fo r  a perfectly flown nominal trajectory.  

The characteris- 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Station, Hapton, Va., June 21, 1965. 
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APPENDIX 

EQUATIONS OF MOTION 

The s ix  equations of motion governing the behavior of the vehicle are pre- 
sented below. The force equations a re  writ ten with respect t o  an fner t ia l -axis  
system fixed a t  the center of a nonrotating spherical moon, as follows: 

x-f orce equation, 

2 = 2.0s 9 s in  e cos fi + s in  9 s in  $1 - gm (%)2 x R 

y-force equation, 

F j ;  = d s i n  9 s in  8 cos $ - cos 9 s in  @) - gm 

z-force equation, 

The moment equations are writ ten with respect t o  the  vehicle body axes, as 
follows: 

X-mome nt e quat i on, 

Y -moment equation, 

Z-moment equation, 

I n  addition, several auxiliary equations were employed: 

r cos $ + q s i n  $ 
COS e 

6 = q cos $ - r s in  $ 

11 
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APPENDIX 

= p + sin e 

M y = -  + 
t 

m = m , + k  i d t  

& + y ; + z i  
R 

R =  

. 
RZ = 2 s i n  5 + $ cos where: 

- e = tan-’( e> 
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Inertial-axis and vehicle-axis systems. 
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Figure 3.- General layout of cockpit. L-64-5387.1 
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Figure 7.- Typical f l ight  of nominal trajectory. AV = 6237 ft/sec (1901.0 m/sec). 

_. 

5 6  

I 
16 

0 

0 

10 

x) 

40 0 

c 
E 

a, 

I 

50 *cr 

- 
0 
-a 
.- 

&? 
70 

80 

90 

lo0 

6 4 x  IO2 

J 
20x IO2 

20 



0 40 80 120 160 200 240 280 320 360 400 
Time, t, sec 

(b) Time history. 

Figure 7.- Concluded. 

21 



65x IO2 

64 

0 
.L 

c 
.Lo 61- 
;ij 

e 
c 
0 

0 c 
0 

60 - 

5 9 - , q 5 -  
0 

58 - 
-20 -10 0 IO 

i i ,  ft/sec 
i I  I I 

-6.0 -3.0 0 3.0 

1-87 n-l 
-10 0 IO 

Re, f Vsec u 
-3.0 0 30 

1 
Re, m/sec 

d) I 

-7 0 

19.8 x lo2 

19.6 

19.8 x lo2 

19.6 

c .- 
-18.8 u 

a, 0 l l  0 ' 

-e-----, +--- - 18.2 

--Ap-- 

-IO 0 IO -2 0 2 4x103 -4 -2 0 2 4 6x103 
t ,  ft/sec Az, f t  AR,, ft 

u u  - 
-3.0 0 3.0 -6 0 6 12X102 -12 -6 0 6 12 18X102 

i, m/sec Az, m ARa, m ;, m/sec 

Figure 8.- Touchdown condi t ions of nominal flights. 



4 

-4 

-8 
i 
1 
w- 
c 

.E 

s -I 2 
c .- 
V 
0 - 
9 
0 -16 
E 

- 
0 

-20 

- 24 

-2 8 

\ 
T 

\ 
\, 
i 

8 

I 
2 

16 

,/ 

._ 

I 

! 
Piloted 
trajectory 

24 32 

/ 
/ 

Circumferential veloci t y, 
I I I I 
4 6 8 IO 

40 
~ 6 ,  ft/sec 
I . I  
12 14 

48 56 

I . .  I -A 
6 18 20x102 

circumferential velocity, R;, m/sec 

(a) Variation of radial velocity with circumferential velocity. 

Figure 9.- Typical f l ight of off-nominal trajectory for which computed p technique was used. I& = -50 f t h c  (-15.2 mlsec); (R6)o = 5623 ft/SeC 
(1713.9 m/sec); ho = 40 000 f t  (12 192 m); AV = 6187 ft lsec (1885.8 m/sec). 

23 



6 

h, f t  3 I h, m 

0 0 

6 
lsxlo' 

Ri ,  1.0 R; 
ft/sec 2 ,5 m/sec 

0 0 

15 

IO 

5 

'0 40 80 120 160 200 240 280 320 360 400 

F; Ib 

24 

Time, t, sec 

(b) Time history. 

Figure 9.- Concluded. 



0 Alternate technique 

0 Computed p technique 
67x10' ,-- U -. - 20.4 x I 0 2  

0 
66--- 

0 0 0 - 20.2 0 

V 
O) 6!j--- e2 

--- 
- 19.8 

V 
(u c 

-19G E 

+ 
Y- 

>- ---- 
[I 

-7) 
CI 

0 n 
-0- 

a 
x c 
V 
0 - 
9 1-40-44 19.2 

19.0 

1 8.8 

,186 

18.4 

6 IF1 

60 
-20 -10 0 IO -2 o 2 4x103 

A z ,  ft - 
Az, m 

-6 0 6 12X102 

-4 -2 0 2 4 6x103 
ARa , f t  

-10 0 IO 
RB, ft/sec 

-10 0 IO 
r, ft/sec - 

-3 0 3 
?, m/sec 

6, ft/sec 

R, m/sec 

- 
-6 -3 0 3 

u 
-3 0 3 

RB. m/sec 

-12 -6 0 6 12 18X102 
ARa, m 

Figure 10.- Comparison of touchdown conditions attained by using the two guidance techniques in flying off-nominal trajectory. &, = -50 ft/sec 

(-15.2 m/sec); (R6)o = 5673 ft/sec (1729.1 m/sec); ho = 50 000 f t  (15 240 ml. 



"0 5 IO 15 
R, ft/sec 

l L 1  I 
0 1.5 3.0 4.5 

R, m/sec 
e 

OO I 2 3x  103 

0 5 IO 15 
Re, ft/sec 

I I I I 
0 1.5 3.0 4.5 

9. 

~ 8 ,  m/sec 

0 2 4 6 %  x 103 

0 5 IO 15 
I, ft/sec 

I I I I 
0 1.5 3.0 4.5 

:. m/sec 

0 3 6 9 1 2  
Az, f t  ARa,  ft Percent difference 

I I I from nominal AV t l l  I l l  

0 3 6 9x102 0 6 12 18 24x10' 

Figure 11.- Summary of touchdown conditions of off-nominal trajectories. 

26 NASA-Langley, 1965 L-4250 

I 



“The aeronautical and space activities of the United States shall be 
conducted so as to contribute . . . to the expansion of human knowl- 
edge of phenomena in the atmosphere and space. The Administration 
shall provide for the widest practicable and appropriate dissemination 
of information concerning its activities and the results thereof .” 

-NATIONAL AERONAUTICS AND SPACE ACT OF 1958 

NASA SCIENTIFIC AND TECHNICAL PUBLICATIONS 

TECHNICAL REPORTS: 
important, complete, and a lasting contribution to existing knowledge. 

TECHNICAL NOTES: 
of importance as a contribution to existing knowledge. 

TECHNICAL MEMORANDUMS: Information receiving limited distri- 
bution because of preliminary data, security classification, or other reasons. 

CONTRACTOR REPORTS: Technical information generated in con- 
nection with a NASA contract or grant and released under NASA auspices. 

TECHNICAL TRANSLATIONS: Information published in a foreign 
language considered to merit NASA distribution in English. 

TECHNICAL REPRINTS: Information derived from NASA activities 
and initially published in the form of journal articles. 

SPECIAL PUBLICATIONS Information derived from or of value to 
NASA activities but not necessarily reporting the results .of individual 
NASA-programmed scientific efforts. Publications include conference 
proceedings, monographs, data compilations, handbooks, sourcebooks, 
and special bibliographies. 

Scientific and technical information considered 

Information less broad in scope but nevertheless 

Details on the availability of these publications may be obtained from: 

SCIENTIFIC AND TECHNICAL INFORMATION DIVISION 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

Washington, D.C. PO546 


